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Selected cell envelope components of Porphyromonas gingivalis were tested in a BALB/c mouse model in an
attempt to elucidate further the outer membrane components of this putative oral pathogen that might be
considered as virulence factors in host tissue destruction. Lipopolysaccharide (LPS), outer membrane, and
outer membrane vesicles of P. gingivalis W50, ATCC 53977, and ATCC 33277 were selected to examine an
immunological approach for interference with progressing tissue destruction. Mice were actively immunized
with heat-killed (H-K) or Formalin-killed (F-K) whole cells or with the outer membrane fraction, LPS, or outer
membrane vesicles of the invasive strain P. gingivalis W50. The induction of invasive spreading lesions with
tissue destruction and lethality were compared among different immunization groups in normal, dexametha-
sone-treated (dexamethasone alters neutrophil function at the inflammatory site), and galactosamine-sensitized
(galactosamine sensitization increases endotoxin sensitivity) mice after challenge infection with the homologous
strain (W50) and heterologous strains (ATCC 53977 and ATCC 33277). Enzyme-linked immunosorbent assay
analyses revealed significantly elevated immunoglobulin G and M antibody responses after immunization with
H-K or F-K cells or the outer membrane fraction compared with those of nonimmunized mice. The killed
whole-cell vaccines provided significantly greater protection against challenge infection in normal mice
(decreased lesion size and death) than did either the outer membrane fraction or LPS immunization. The lesion
development observed in dexamethasone-pretreated mice was significantly enhanced compared with that of
normal mice after challenge with P. gingivalis. Immunization with P. gingivalis W50 provided less protection
against heterologous challenge infection with P. gingivalis ATCC 53977; however, some species-specific
antigens were recognized and induced protective immunity. Only viable P. gingivalis induced a spreading lesion
in normal, dexamethasone-treated, or galactosamine-sensitized mice; F-K or H-K bacteria did not induce
lesions. The F-K and outer membrane vesicle immunization offered greater protection from lesion induction
than did the H-K immunogen after challenge infection simultaneous with galactosamine sensitization. The H-K
cell challenge with galactosamine sensitization produced 100% mortality without lesion induction, suggesting
that LPS or LPS-associated outer membrane molecules were functioning like endotoxin. Likewise, P. gingivalis
W50 LPS (1 ,ug per animal) administered intravenously produced 80%o mortality in galactosamine-sensitized
mice. In contrast to the effects of immunization on lesion development, immunization with H-K or F-K cells or
LPS provided no protection against intravenous challenge with LPS; 100% of the mice died from acute
endotoxin toxicity. These findings suggest that the murine model will be useful in examining the tissue-
destructive components of P. gingivalis.

Porphyromonas gingivalis, which is frequently implicated
in chronic and severe adult periodontitis (40), possesses a
variety of virulence factors that may contribute to the
destructive events of periodontitis (18, 19, 29). In addition to
a large number of proteolytic enzymes, P. gingivalis elabo-
rates a lipopolysaccharide (LPS) that affects both immune
and nonimmune mammalian cells (14, 18, 21) and outer
membrane blebs (i.e., outer membrane vesicles [OMVs]),
which contain, in addition to LPS and outer membrane
proteins, other toxic molecules (i.e., proteolytic enzymes
and porins) that affect the integrity of the periodontium (18,
28, 29, 39).
Although a large number of reports have described signif-

icant elevations in levels of specific serum immunoglobulin
G (IgG) antibody to P. gingivalis infection in patients with
adult and advanced destructive periodontitis and in the
gingival crevicular fluids from these patients (9, 11, 27, 32,
40), only limited information has been published related to
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the functional activity of these antibody molecules to these
antigens.

Since functional studies in humans are difficult to nearly
impossible to perform, several laboratories have explored
the efficacy of animal models in the study of periodontal
disease progression. Taubman et al. (44) and Wyss and
Guggenheim (49) employed a rat model to examine the
pathogenesis of several of the putative periodontal patho-
gens, whereas Holt and coworkers (20) studied the ability of
P. gingivalis to initiate progressive periodontitis in primates.
The primate model provides excellent information on the
longitudinal progression of periodontal disease (26); how-
ever, it is limited in its usefulness for studies of P. gingivalis
virulence factors and their in vivo participation in tissue
destruction. Van Steenbergen et al. (48), Grenier and May-
rand (17), and Kastelein et al. (22) established several of the
virulence characteristics of a variety of P. gingivalis strains
in the guinea pig and mouse abscess models. We and several
other groups (10, 13, 22, 31, 36, 41, 48) also described
virulence characteristics of P. gingivalis strains in similar
rodent models. However, although we have an excellent
knowledge of the in vitro elaboration of P. gingivalis viru-
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lence factors (i.e., enzymes, LPS, outer membrane pro-

teins), we still have very little understanding of their activity
in in vivo models of tissue destruction and inflammation. The
murine model will provide the wherewithal to study the role
of these putative virulence factors in tissue destruction and
the use of active immunization to modify the course of
bacterial infections by these virulence factors (2, 18). Sev-
eral of these studies have already suggested that active
immunization with killed P. gingivalis can minimize the
progression of tissue destruction in mice in a species-specific
fashion. Chen et al. (5), for example, demonstrated that
lithium diiodosalicylate extracts from P. gingivalis interfere
with the spreading lesions associated with infectious chal-
lenge with strains of the species. While the studies of Chen
and colleagues (5, 6) have described the activity of whole
cells or extracts of P. gingivalis in the murine model and the
action of specific antibody to whole cells of P. gingivalis in
modulating virulence potential, there are no studies that
have described the role of isolated P. gingivalis virulence
components (outer membrane fraction [OMFI, OMV, and
LPS) in modulating the progression of P. gingivalis virulence
in mice. The aim of this study incorporates a variety of
experimental designs that are selected to test the follow-
ing individual and specific hypotheses: (i) various immuno-
gens derived from P. gingivalis elicit serum antibodies
and can afford protection from tissue destruction and/or
lethality in a murine abscess model; (ii) immune responses

elicited by active immunization with these immunogens are

most effective in the presence of normal neutrophil func-
tion; (iii) immune protection provided by active immuni-
zation exhibits some cross-reaction among P. gingivalis
strains; (iv) viable bacteria are required to initiate progress-

ing tissue destruction in the murine abscess model; and (v)
LPS is a critical component of P. gingivalis for eliciting
tissue destruction and/or lethality in the murine abscess
model.

MATERIALS AND METHODS

Microorganisms. The P. gingivalis strains used in these
studies were W50 (ATCC 53978), ATCC 33277, and A7A1-28
(ATCC 53977). All cells were routinely cultivated for 24 to 48
h on prereduced Trypticase soy agar plates enriched with 5%
(vol/vol) sheep blood in an anaerobic chamber (85% N2, 5%
C02, 10% H2).
The P. gingivalis strains used as immunogens were grown

in batch cultures in 2.1% (wt/vol) mycoplasma broth base
(BBL, Becton Dickinson, Cockeysville, Md.) supplemented
with 5 ,ug of hemin per ml and 1 ,ug of menadione per ml at
37°C for 48 h in the anaerobic chamber. The cells were

harvested by centrifugation at 10,000 x g for 30 min at 4°C,
and the pellet was washed with sterile phosphate-buffered
saline (PBS) (0.02 M phosphate, pH 7.4). The washed cells
were resuspended in sterile PBS to a concentration of 5 x

1010 cells per ml in a Petroff-Hausser counting chamber. The
resulting suspension was separated into two aliquots; one

aliquot was treated overnight with 0.5% (vol/vol) buffered
formal saline (Formalin-killed [F-K] cells), and the other was
heated at 80°C for 10 min (heat-killed [H-K] cells). Both
preparations were stored at 4°C. Aliquots of the two suspen-

sions were removed, and the total counts, purity, and
sterility were determined.

Isolation of LPS and cell envelope. (i) LPS. LPS was

extracted from P. gingivalis W50 and W83 by the cold
MgCl2-ethanol precipitation method of Darveau and Han-

cock (7). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoretic analysis and protein determination with the BCA
assay kit (Pierce Chemical Co., Rockford, Ill.) revealed
<1% contaminating protein in the LPS preparation. Previ-
ous results from our laboratory have demonstrated a virtual
identity between LPS (4), outer membranes (23), and anti-
genic components from P. gingivalis W50 and W83, suggest-
ing a substantial homology. We therefore felt justified in
using P. gingivalis W83 LPS in the studies described in this
report.

(ii) Cell envelope fraction. A cell envelope fraction was
isolated from P. gingivalis W50 by mechanical disruption
(3). Whole cells were sedimented by centrifugation at 15,000
x g for 20 min and washed twice with 10 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer
(pH 7.4). The pellet was resuspended to a final concentration
of 1 g of wet weight in 3 ml of 10 mM HEPES. These cells
were mixed with 50 mg each of DNase and RNase per ml,
and 50 mM MgCl2 and 2 mM sodium phosphate-tosyl-L-
lysine choloromethylketone. The cells were immediately
broken by repeated disruption in a cold French pressure cell
(SLM Instruments, Inc., Urbana, Ill.) at 17,000 lb/in2 until
>90% cell breakage was observed under phase microscopy
of wet-mount preparations. After whole cells and debris
were removed by centrifugation at 5,000 x g for 20 min at
4°C, the supernatant was centrifuged at 100,000 x g for 1 h
at 4°C to obtain a cell envelope fraction. The cell envelope
fraction was resuspended in 20 ml of 1% (wt/vol) sodium
N-lauryl sarcosinate (Sigma Chemical Co., St. Louis, Mo.)
for each g (wet weight) of the original bacterial pellet and
mixed gently for 30 min at room temperature. The resulting
preparation was again centrifuged at 100,000 x g for 1 h at
4°C to concentrate the OMF. This OMF was washed once
with 10 mM HEPES and further solubilized in 2% (wt/vol)
sodium lauryl sulfate by sonication at ice bath temperature.
The resulting solubilized OMF was adjusted to a protein
content of 2 mg/ml (BCA assay) and stored at -70°C until
used.

Preparation of OMVs. OMVs were prepared from P.
gingivalis W50 by the method of Grenier and Mayrand (16)
by using (NH4)2SO4 (50% [wt/vol] saturation of the culture
fluid at 4°C) after sedimentation of the whole cells at 16,000
x g for 30 min. The OMVs were resuspended in sterile PBS
and stored at -70°C until used. The protein content was
determined by using the BCA assay.
Animals. The BALB/c female mice (Charles River Labo-

ratories, Willmington, Mass.) used in these studies were
generally 6 to 12 weeks old when they were tested for
bacterial virulence. The animals were housed in isolator
cages in an American Association for Accreditation of
Laboratory Animal Care (AAALAC)-accredited biohazard
facility at the University of Texas Health Science Center at
San Antonio and were provided autoclaved TEKLAD chow
(Sprague-Dawley Co., Madison, Wis.) and water ad libitum.
Murine virulence model. (i) Experimental groups. The

BALB/c mice were randomly separated into the following
groups for the virulence studies: (i) control, untreated
(placebo) mice challenged with viable P. gingivalis W50,
ATCC 33277, or ATCC 53977; (ii) mice pretreated with dexa-
methasone (DEX) (40 ,ug per animal; Elkins-Sinn, Inc.,
Cherry Hill, N.J.) (12, 35, 37) 3 days before challenge (this
treatment has been shown to decrease neutrophil infiltration
into sites of inflammatory lesions); and (iii) mice sensitized
with D-[+]-galactosamine (GalN; 700 mg/kg of body weight
in a single intraperitoneal dose; Sigma) (15, 24, 45) and
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simultaneously challenged with subcutaneous (s.c.) P. gin-
givalis.

(ii) Preparation of P. gingivalis cells for challenge. All P.
gingivalis strain manipulations were carried out under an-
aerobic conditions in a Coy anaerobic chamber to ensure
maximum cell viability. Cells were grown on plates for
approximately 3 to 4 days and harvested aseptically with
sterile cotton swabs soaked in reduced transport fluid (42).
The cell mass was immediately resuspended in reduced
transport fluid, and aliquots were removed from the chamber
for estimation of total counts in a Petroff-Hausser counting
chamber and determination of viable counts and purity. For
mouse inoculation, appropriate dilutions of this suspension
were made and distributed into anaerobic gas-filled sealed
vacuum vials under anaerobic conditions. Mice were in-
jected within 15 to 30 min of sample preparation. The sample
sterility and the number of P. gingivalis cells injected were
determined by plating.

(iii) Animal challenge. Animals were challenged s.c. on the
posterior dorsolateral surface with 0.2 ml of the original
bacterial suspension. After the challenge, the animals were
examined for lesion formation at approximately 6 h and at
least once daily for 15 days for visible signs of general
systemic infection. Lesion size (length and width) was
measured with a caliper, and the area was determined and
expressed in square millimeters. Any moribund animal was
euthanized by CO2 asphyxiation and was catalogued as a
death. Clinical symptoms of infections developing in the
mice were scored as (i) spreading infection or phlegmonous
abscess with pus and exudate in the flank, ventral side of
abdomen, and thoracic cavity; (ii) localized abscess or
necrosis of skin and subcutaneous muscles at the site of
injection; or (iii) death.
The lethal activity of LPS from P. gingivalis W83 was

determined in preliminary studies by administering 1.0 and
0.1 ,ug per animal intravenously, simultaneous with intra-
peritoneal GalN sensitization. This resulted in an 80 and 0%
mortality, respectively (data not shown). The results of these
findings were used to examine the ability of the antibody to
protect against at least 5 times the lethal toxicity of LPS from
this microorganism.
Immunization protocol. Mice were immunized by s.c.

injection into the nape of the neck with 0.1 ml of 109 F-K or
H-K P. gingivalis W50 cells emulsified in incomplete Freund
adjuvant (IFA). OMV and OMF (100 p,g of protein) and 25
,g (dry weight) of LPS were emulsified in IFA and admin-
istered into groups of mice. The control placebo mice
received IFA emulsified with sterile PBS (pH 7.2). A booster
immunization was administered 10 days later.
Antibody analysis. Blood for serum samples was collected

from the mice by retroorbital access either under ether
anesthesia or after cervical dislocation. IgG and IgM anti-
bodies in the mouse sera were determined by using the
enzyme-linked immunosorbent assay (ELISA) procedure of
Ebersole et al. (8). The antibody level is expressed as the
optical density multiplied by the dilution of the serum that
was tested in the ELISA.

Statistical analyses. Statistical differences in lesion size
with various challenge doses, effects of immunization after
challenge infection, and death in different groups were
determined by using the Fisher exact test. Differences in
serum antibody levels and lesion size were compared by
using the Kruskal-Wallis and Wilcoxon-Mann-Whitney U
tests. Nonparametric statistical analyses were used to com-
pare the ranks of the data among groups. These procedures
were employed because of the inherent variation in the

characteristics of the spreading lesions as well as the tech-
nical limitations in accurately measuring a nongeometric
lesion spreading over an animal's body. Means and standard
deviations are presented in the figures.

RESULTS

Murine immune response to F-K, H-K, OMF, and LPS
preparations. The IgG and IgM immune responses to F-K-,
H-K-, OMF-, and LPS-immunized mice are seen in Fig. 1.
Immunization with both F-K and H-K whole cells and OMF
elicited significant (P < 0.001) IgG and IgM responses to the
F-K and H-K antigens compared with those of placebo
(IFA)-injected mice. The level of antibodies produced by the
H-K whole-cell antigen was almost a 50% higher than that
produced by the F-K whole-cell antigen. Both LPS and
OMF elicited IgG and IgM responses; however, both re-
sponses were significantly lower than those elicited by the
H-K and F-K antigens. LPS immonization induced IgG and
IgM antibodies that reacted with the F-K and H-K antigens
(Fig. 1).
Virulence of P. gingivalis after active immunization. As

reported previously by us (10), the dynamics of lesion
development in s.c. injected BALB/c mice included the
formation of recognizable lesions at approximately 18 h and
death, when it occurred, by 2 to 3 days postchallenge. In
surviving mice, lesion regression and resolution occurred by
15 days. Therefore, this time frame was utilized in the
experiments described in this report.
Normal BALB/c mice immunized with H-K or F-K whole

cells, OMF, LPS, or placebo were examined for immune
responses that ameliorated lesion formation (Fig. 2). At 2
weeks postimmunization, the animals were challenged with
5 x 101 ,2 x 101o, or 1 x 1010 P. gingivalis W50 cells. Within
18 h after P. gingivalis W50 challenge, all placebo (IFA)-
immunized control animals developed a dose-dependent
spreading P. gingivalis lesion, particularly at P. gingivalis
doses of 5 x 0l and 2 x 1010 (Fig. 2). This lesion spread
laterally and ulcerated the entire abdomen and was accom-
panied by severe cachexia; death routinely followed. In
contrast, H-K and F-K whole-cell-immunized animals exhib-
ited a moderate spreading lesion by 18 to 72 h with minimal
cachexia (data not shown). Compared with placebo-immu-
nized mice, both H-K and F-K whole-cell-immunized ani-
mals showed a highly significant decrease in induction of a
spreading lesion at all challenge doses. Lesion formation was
not observed in 20% of the H-K-immunized animals chal-
lenged with 2 x 1010 P. gingivalis whole cells. Also apparent
was that the killed whole-cell vaccines (F-K, H-K) provided
better protection (i.e., smaller lesion size and lower percent-
age of death; see below) than did immunization with either
OMF or LPS. However, the OMF- and LPS-immunized
animals did show a significant decrease in the induction of
the spreading lesion compared with that of the placebo-
treated animals (Fig. 2).
The effect of immunization with P. gingivalis H-K and

F-K cells, LPS, and OMF on BALB/c mice with altered
neutrophil capabilities (DEX treatment) is shown in Fig. 3.
Compared with placebo immunization at the highest P.
gingivalis W50 challenge dose (5 x 1010), active immuniza-
tion with H-K or F-K cells or LPS did not significantly
reduce the size of the spreading lesion. However, H-K-,
F-K-, and LPS-immunized animals challenged with 2 x 1010
P. gingivalis W50 cells showed a significantly decreased
lesion size (P < 0.05). OMF immunization decreased the
lesion size uniformly (P < 0.05) at all challenge doses. DEX
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FIG. 1. IgG and IgM antibody titers in BALB/c mice immunized with F-K and H-K P. gingivalis W50 whole cells, OMF, and LPS and
with a placebo (IFA). ELISA antigen denotes the F-K and H-K bacteria attached to microtiter plates for determining antibody levels. Each
bar represents the mean antibody titer, and the vertical lines denote standard deviations from the means. The antibody levels are expressed
as the optical density (OD) at 490 nm multiplied by the dilution of the serum.

also had a minimal effect on lesion size in the OMF- and
LPS-immunized mice compared with that in placebo animals
(Fig. 4). H-K and F-K whole-cell immunization therefore
afforded less protection in the DEX-treated animals than the
placebo (IFA)-immunized animals. OMF and LPS immuni-
zation, on the other hand, appeared to have a similar effect
in the presence or absence of normal neutrophil capacity

(i.e., with or without DEX). Placebo-treated animals with
and without DEX treatment developed large spreading le-
sions after challenge with 5 x 10'0 P. gingivalis W50 cells;
100% of the mice died (Fig. 4). F-K and H-K whole-cell
immunization reduced the lethal effects of this high P.
gingivalis challenge by 60% in the DEX-treated group (two
of five animals died), whereas lethal effects were completely
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FIG. 2. Effect on lesion size of active immunization of BALB/c mice with (reading from top to bottom) IFA (placebo), H-K and F-K cells,
OMF, and LPS. Mice were challenged s.c. with 5 x 1010, 2 x 1010, and 1 x 1010 P. gingivalis W50 cells. Bars denote group mean lesion sizes,
and the horizontal lines denote standard deviations from the means. The numbers within the parentheses indicate the percentage of animals
in each group that formed lesions if <100%. Unless otherwise indicated, five mice per group were used in all other experiments in Fig. 2
through 7.
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FIG. 3. Effect of active immunization of DEX-treated BALB/c mice with H-K and F-K cells, OMF, LPS, and IFA (placebo) followed by
an s.c. challenge with 5 x 1010, 2 x 1010, and 1 x 1010 P. gingivalis cells on lesion size. All mice were pretreated with DEX (2 mg/kg of body
weight) intraperitoneally for 3 days before the challenge infection. The lesion size was measured as described in the text. Bars denote the
group mean lesion sizes, and horizontal lines denote the standard deviations from the means. The numbers in parentheses and the bars are
as in Fig. 2. See Materials and Methods for the DEX protocol.

eliminated in normal animals. The OMF- and LPS-immu-
nized normal and DEX-treated animals also showed a sig-
nificant decrease in mortality (i.e., 60 and 40%, respectively)
when challenged with 5 x 1010 P. gingivalis W50 cells. H-K
and F-K P. gingivalis W50 whole-cell immunization signifi-
cantly protected DEX-treated animals from death, with 60%
survival compared to 100% death in normal IFA-injected
animals and DEX-treated IFA-injected animals.
Immune cross-protection studies. The effect of heterolo-

gous challenge with P. gingivalis ATCC 53977 and ATCC
33277 on lesion development in mice immunized with H-K

600

0

.j200

and F-KP. gingivalis W50 whole cells, LPS, and OMVs and
placebo-immunized BALB/c mice is shown in Fig. 5. Chal-
lenge of the placebo-treated mice with heterologous P.
gingivalis ATCC 53977 or homologous P. gingivalis W50 at
2 x 1010 viable cells per ml induced lesions of approximately
the same sizes; in mice challenged with P. gingivalis ATCC
33277, the lesion size was significantly smaller. Immuniza-
tion with P. gingivalis W50 H-K, F-K, and LPS antigens
resulted in a significant protection of the animals from lesion
formation (as measured by lesion size) after challenge with
P. gingivalis W50 or the heterologous strain P. gingivalis
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FIG. 4. Effect of active immunization of normal and DEX-treated BALB/c mice with H-K and F-K cells, OMF, LPS, and IFA (placebo)
on lesion size and lethality. Both normal and DEX-treated mice were challenged with 5 x 1010 P. gingivalis W50 cells. The bars denote the
group mean lesion sizes and the percent lethality. The vertical lines denote standard deviations from the means.
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FIG. 5. Effect of homologous (P. gingivalis W50) and heterologous (P. gingivalis ATCC 53977 and ATCC 33277) challenge (2 x 1010 cells)
on lesion size in BALB/c mice actively immunized with H-K and F-K cells, OMVs, and LPS from P. gingivalis WS0. The bars denote the
group mean lesion sizes, and the vertical lines denote standard deviations from the means.

ATCC 33277. Although immUtnization with H-KP. gingivalis
W50 protected the P. gingivalis ATCC 53977-challenged
animals from lesion formation, it only resulted in a 30%
reduction in lesion size. The lesions induced by heterologous
challenge with P. gingivalis ATCC 53977 were significantly
larger than those induced by homologous challenge with P.
gingivalis W50 in H-K-, F-K-, and LPS-immunized mice.
Immunization with the P. gingivalis W50 OMV also pro-
vided protection from lesion formation induced by P. gingi-
valis W50 and ATCC 53977 (IFA-injected animals were used
as controls). P. gingivalis ATCC 33277 challenge had essen-
tially no effect; however, this strain also produced a very
small lesion in the placebo-immunized animals. P. gingivalis
W50 LPS immunization afforded only partial protection in
mice challenged with homologous P. gingivalis W50; how-
ever, it did not protect animals challenged with P. gingivalis
ATCC 53977 or ATCC 33277 from lesion formation. Immu-
nization of mice with P. gingivalis W50 H-K and F-K cells
also resulted in a significant decrease in lesion size in mice
challenged with P. gingivalis ATCC 33277 (Fig. 5). The
mortality associated with homologous or heterologous P.
gingivalis challenge is seen in Table 1. P. gingivalis infection

TABLE 1. Comparison of lethality in homologous and
heterologous challenge infection in immunized BALB/c mice

Lethality' of challenge infection with
Immunogena P. gingivalis strain:

W50 ATCC 53977

F-K cells 0/5 (0) 0/5 (0)
H-K cells 0/5 (0) 1/5 (20)
OMV 2/5 (40) 0/5 (0)
LPS 7/8 (83.3) 3/5 (60)
IFA 4/5 (80) 5/5 (100)
a All immunogen preparations were derived from P. gingivalis W50.
b Values denote the number dead/total number of mice, with the percentage

of dead mice in parentheses.

indicated a graded difference in the degree of cross-immune
protection, such that F-K = OMV > H-K > LPS, after
heterologous P. gingivalis ATCC 53977 challenge infection;
the relative immune protection to homologous P. gingivalis
W50 challenge infection was F-K = H-K > OMV > LPS
(Table 1).

Effect of challenge with viable or killed P. gingivalis W50 in
normal, DEX-treated, and GalN-sensitized mice. Nonimmu-
nized animals treated with DEX or sensitized with GalN
were challenged with 2 x 1010 viable P. gingivalis W50 cells;
spreading lesions formed in the normal, DEX-treated, and
GalN-sensitized mice (Fig. 6). H-K P. gingivalis W50 chal-
lenge with simultaneous GalN sensitization also resulted in
100% lethality by 18 h without lesion formation, indicating
that one component of the H-K antigen is a heat-stable
endotoxin. In contrast, injection of H-K P. gingivalis W50
induced no morbidity or mortality in normal and DEX-
treated mice. Challenge with 2 x 1010 F-K P. gingivalis W50
cells resulted in neither the formation of spreading lesion nor
death in any of the animal groups (Fig. 6), suggesting that
Formalin modified or altered the lethal activity of the P.
gingivalis W50 LPS or other contributing bacterial compo-
nents.
Immune protection in GaIN-sensitized mice. Since the

above findings suggested that the P. gingivalis W50 LPS
contributed to mouse lethality, mice were actively immu-
nized with P. gingivalis W50 H-K and F-K whole cells,
OMV, or LPS to determine the ability of these antigens to
induce immunological interference with the LPS-mediated
toxicity (Fig. 7). Both IgG and IgM antibodies were pro-
duced against the P. gingivalis WSO LPS (data not shown).
Both F-K- and OMV-immunized animals had significantly
greater (P < 0.025) protection from lesion development than
did the H-K-immunized animals after challenge with viable
P. gingivalis W50. The protection provided by immunization
with the P. gingivalis W50 LPS in mice challenged with
viable P. gingivalis W50 was significantly less than that

INFECT. IMMUN.

---------------------------------------------

-------- ----------------- ------------

----------r------- ----------



IMMUNITY TO P. GINGIVALIS 1461

E

Ita

.3

100

3-

0

.*o

I aon Vbbl HM K LIF-K
I&1- pgvm Pg WOO P S

FIG. 6. Effect of active immunization with H-K, F-K, and viable P. gingivalis W50 on lesion formation and lethality in normal,
DEX-treated, and GalN-sensitized BALB/c mnice. The challenge dose was 2 x 1010 cells. The bars denote group mean lesion sizes. The
vertical lines denote the standard deviations from the means. See Materials and Methods for DEX and GalN protocols. The stippled bars
( E] ) denote lethality.

provided by any of the other immunogens. When similarly
immunized animals were challenged with five times (5 ,ug per
animal) the concentration of a normal lethal dose of P.
gingivalis W50 LPS, OMV was the only antigen that par-
tially protected (60% mortality) mice against LPS challenge
(Fig. 7).

DISCUSSION

Even though numerous studies (40) have established the
participation of a small number of microorganisms in human
periodontal disease (18, 40), there are only a few studies that
have explored the longitudinal events (i.e., clinical, micro-
biological, immunological) that occur during disease pro-
gression in humans. To more accurately document the
characteristics of disease progression, investigators have
used several animal models (10, 13, 20, 22, 48). The most
prominent model is the primate model pioneered by Kom-
man et al. (26) and extended by Holt et al. (20). McArthur et
al. (30) and Nisengard and coworkers (34) also provided
evidence that the primate is an important animal model for
the study of periodontal disease progression.
Although it has been verified that the primate is an

excellent system for the study of disease progression, it has
been difficult to design useful experiments with these ani-
mals in an attempt to understand the in vivo pathogenic
activity of several of the putative periodontal pathogens
(18, 19). The advances in understanding the in vivo patho-
genesis (i.e., virulence) of these oral microorganisms (i.e.,
P. gingivalis, Actinobacillus actinomycetemcomitans, and
Wolinella recta) have emerged from the rodent model (10,
22, 29, 43, 49). These murine models have been used to
measure the effects of these periodontal disease-related
bacteria on rodent morbidity and mortality. Several of these
models have also studied the effects of LPS, OMVs, and
outer membranes on virulence. These in vivo mouse-period-
ontal pathogen interactions were also observed by several

investigators who studied the mitogenic effects of these
bacteria. In addition to activating murine macrophages,
lymphocytes, and other immune system components, P.
gingivalis produces significant amounts of a large variety of
proteolytic enzymes (25). We know very little of the elabo-
ration of these proteolytic-hydrolytic molecules in the in
vivo environment of the rodent. Since P. gingivalis produces
spreading, phlegmonous lesions in the rodent model (22, 48)
and since, depending upon the numbers of pathogens and
lesion integrity, the outcome can be fatal, it is essential to
understand the contribution of this important oral bacterium
to tissue and bone destruction. Hence, it is important to
study the role of these microorganisms in the production of
these extensive, phlegmonous lesions in P. gingivalis-in-
fected mice. It is not possible to translate the findings in the
rodent to the progression of human periodontal disease. All
that is possible is an understanding of the high virulence of
these bacteria in a rodent host.

In addition to the study presented here, there are only two
other published studies that have investigated the ability of
actively acquired immune responses to P. gingivalis or
selected surface components to interfere with P. gingivalis
pathogenesis (i.e., abscess formation) in this rodent model
(5, 6). These latter studies utilized immunogens restricted to
pasteurized P. gingivalis 381 and A7A1-28, Prevotella inter-
media, and a lithium diiodosalicylate cell surface extract and
the LPS from P. gingivalis A7A1-28 (ATCC 53977). Al-
though the lithium diiodosalicylate cell surface extract pro-
vided strain-specific immune protection, its complex nature
was not useful in determining which components within it
were the effective immunogens. The present study more
clearly detailed several of the potential components of the P.
gingivalis surface that might be involved in tissue destruc-
tion and lethal outcome associated with P. gingivalis infec-
tions. We compared the potential of F-K or H-K whole cells,
LPS, OMF, and OMV to protect against the tissue destruc-
tive and lethal events of P. gingivalis infection. Parenteral
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FIG. 7. Immune protection against challenge infection with P. gingivalis W50 and W83 LPS challenge in GalN-sensitized BALB/c mice.
The mice were actively immunized with H-K and F-K cells, OMV, LPS, and IFA (placebo) and challenged with either an s.c. injection of
2 x 1010 viable P. gingivalis W50 cells or an intravenous injection of 5 jg of LPS per animal. Both animal groups were sensitized with GalN
as described in Materials and Methods. The bars denote mean lesion sizes, and the vertical lines denote standard deviations from the means.

immunization with F-K and H-K P. gingivalis whole cells
elicited a classical elevation in serum IgG and IgM antibod-
ies that reacted with intact bacteria. Since the H-K antigen
reacted with more antibody molecules than did the F-K
antigen, it is possible that the differences in protection were
due to differences in antigenic composition or to an in-
creased antigen epitope expression present in the H-K
whole-cell test antigen.
Although cross-sectional immunological studies of sera

from periodontitis patients have demonstrated high titers of
antibody to P. gingivalis LPS (38), fimbriae (50), and outer
membrane proteins (1), there are no data indicating that the
antibodies to these specific P. gingivalis surface molecules
are actually protective by interfering with or neutralizing the
activity of these components in vivo. In fact, our observa-
tions revealed that the P. gingivalis W50 immunogens used
in our experiments (F-K and H-K whole cells, LPS, OMF)
only partially protected the animals from lesion formation by
the homologous P. gingivalis strain. These observations
suggest that surface molecules other than LPS and outer
membrane proteins (i.e., proteolytic enzymes) are involved
in lesion formation. Kesavalu et al. (25) have preliminary
evidence that trypsin-deficient mutants of P. gingivalis pro-
duced only small localized lesions, unlike the spreading
lesions elicited by the parental wild-type strain. Immuniza-
tion with F-K P. gingivalis did provide the greatest protec-
tion from lesion formation by this pathogen (Fig. 2 and 4).
Previous findings in other infection models have suggested
that this type of vaccine (i.e., F-K whole cells) can elicit an
efficient protective immune response (2). The H-K P. gingi-
valis immunogen was not as effective as the F-K immunogen
in ameliorating lesion initiation (compare Fig. 2 and 4),
suggesting that heating of the whole cells modified or altered
protective protein epitopes and permitted the presentation of
only, for example, heat-stable polysaccharides of the P.
gingivalis capsule or the O-polysaccharide of the LPS for
antibody induction. These latter molecules were not in-

volved in lesion formation, since antibody production
against them was not protective. These findings are also
consistent with the previous observations that LPS is not a
vital component in the production of lesions by P. gingivalis
(5).

Previous studies suggested that the immune protection
afforded by immunization with P. gingivalis whole cells was
strain specific (6). Other reports also described a variability
in lesion formation by different P. gingivalis strains (17, 22,
33, 47). The results presented in this report demonstrate that
P. gingivalis ATCC 33277, ATCC 53977, and W50 are in fact
very different in their ability to induce a lesion in BALB/c
mice. The lesions produced by P. gingivalis ATCC 53977
and W50 in mice were significantly larger than those pro-
duced by P. gingivalis 33277. Previous immunologic protec-
tion studies (5, 6) are in agreement with our observations
that active immunization with P. gingivalis strains or their
components produced significantly greater immunological
protection in the homologous system. However, although
the homologous immunization system produced the greatest
protection against lesion formation and death, our observa-
tions demonstrated clear immunologic cross-reactivity, be-
cause lesions caused by P. gingivalis ATCC 53977 or ATCC
33277 were diminished in size after heterologous challenge
compared with those of the placebo-injected group (Fig. 5).
Thus, although the P. gingivalis strains used in this study
represent three different serotypes (13), it appears that
species-specific antigens are also present and that inhibition
of these components by an antibody can result in decreased
disease expression.

Antibodies protect the host against microbial and viral
pathogenesis by inhibiting the ability of the invading organ-
ism to enter the host and successfully colonize it (30, 34).
Antibodies also protect the host by fixing complement,
neutralizing toxins, opsonizing invading bacteria, and pro-
viding a significant advantage for cell-mediated events (i.e.,
phagocytosis). Neutrophils are therefore essential to the
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host in interfering with disease progression (46). However,
whether neutrophil function is dependent upon antibodies
(opsonization) has not been delineated in the rodent model of
P. gingivalis virulence. Although we clearly showed that the
immune response to P. gingivalis whole cells or cell surface
components was related to antibody elicited in these animals
and provided a measure of protection, it was not clear how
this antibody functioned in host protection. We addressed
the question of the role of the neutrophil in protection
against lesion formation and lethality by lowering the neu-
trophil population infiltrating the local lesion by treating the
animals with DEX (12, 35). Although the antibody to any of
these immunogens decreased both lesion size and lethal
outcome in the absence of normal neutrophil levels at the
site of infection, after treatment with DEX the virulence of
the P. gingivalis strains was significantly enhanced (Fig. 6).
Thus, it appears that in this model system the antibody is
functioning primarily as an opsonin to bind to bacteria or
their products and enable phagocytic destruction of the
virulence components. The DEX reduction of the local
neutrophil content in the presence of sufficient antibody
strongly suggests an opsonic effect of the elicited antibody.

Finally, the question of whether live (viable) or dead (i.e.,
F-K, H-K) P. gingivalis cells were required for lesion
formation and lethality and the endotoxicity of the P. gingi-
valis LPS was also addressed in these studies. Comparison
of normal and DEX-treated mice convincingly demonstrated
that lesion formation and lethality required viable P. gingi-
valis (Fig. 6). Similarly, the endotoxic potential of the P.
gingivalis LPS was examined in mice by utilizing the GalN
sensitization model of Galanos et al. (15, 24), which permits
LPSs of even very low endotoxicity to be studied in an
exquisitely sensitive in vivo system. We were able to dem-
onstrate that simultaneous injection of GalN with LPS or
whole cells of P. gingivalis W50 enhanced the morbidity
caused by these agents in mice (Fig. 7). Additionally, active
immunization with H-K and F-K P. gingivalis and OMVs
significantly ameliorated lesion progression. In contrast,
immunization with LPS had only a minimal effect on lesion
size, whereas GalN sensitization of mice intravenously
challenged with LPS provided no protection against lethal
events induced by the LPS (Fig. 7). Thus, it appears that in
GalN-sensitized mice LPS is not a critical component for
spreading lesion progression; however, it is critical in lethal-
ity in this murine model. Therefore, the P. gingivalis LPS
does possess endotoxic activity. The formation of lesions in
all of the immunized animals (although the lesions were
significantly smaller) in this study indicated clearly that the
elicited immune response with all the antigens tested was not
capable of completely abrogating lesion formation but could
eliminate mortality. Thus, it would appear that these two
disease outcomes are regulated by different pathogenic
mechanisms of this microorganism.

ACKNOWLEDGMENTS
This work was supported by Public Health Service grant DE-

07627 from the National Institute of Dental Research.
We thank David Stafford for assisting in the preparation of figures

and Julie Taubert, Karen Lucas, and Eugene Torrey for assisting in
the preparation of the manuscript. We thank Dan Guerrero for
assistance in the preparation of the photographs.

REFERENCES
1. Baranowska, H. I., R. M. Palmer, and R. F. Wilson. 1989. A

comparison of antibody levels to Bacteroides gingivalis in
serum and crevicular fluid from patients with untreated peri-
odontitis. Oral Microbiol. Immunol. 4:173-175.

2. Bosseray, N. 1978. Immunity to Brucella in mice vaccinated with
a fraction (F8) or a killed vaccine (H38) with or without
adjuvant. Level and duration of immunity in relation to dose of
vaccine, recall infection and age of mice. Br. J. Exp. Pathol.
59:354-365.

3. Bramanti, T. E., and S. C. Holt. 1990. Iron-regulated outer
membrane proteins in the periodontopathic bacterium, Bac-
teroides gingivalis. Biochem. Biophys. Res. Commun. 166:
1146-1154.

4. Bramanti, T. E., G. G. Wong, S. T. Weintraub, and S. C. Holt.
1989. Chemical characterization and biologic properties of lipo-
polysaccharide from Bacteroides gingivalis strains W50, W83,
and ATCC 33277. Oral Microbiol. Immunol. 4:1-10.

5. Chen, P. B., L. B. Davern, R. Schifferle, and J. J. Zambon. 1990.
Protective immunization against experimental Bacteroides (Por-
phyromonas)gingivalis infection. Infect. Immun. 58:3394-3400.

6. Chen, P. B., M. E. Neiders, S. J. Millar, H. S. Reynolds, and
J. J. Zambon. 1987. Effect of immunization on experimental
Bacteroides gingivalis infection in a murine model. Infect.
Immun. 55:2534-2537.

7. Darveau, R. P., and R. E. W. Hancock. 1983. Procedure for
isolation of bacterial lipopolysaccharides from both smooth and
rough Pseudomonas aeruginosa and Salmonella typhimunum
strains. J. Bacteriol. 155:831-838.

8. Ebersole, J. L., D. E. Frey, M. A. Taubman, and D. J. Smith.
1980. An ELISA for measuring serum antibodies to Actinoba-
cillus actinomycetemcomitans. J. Periodontal Res. 15:621-632.

9. Ebersole, J. L., S. C. Holt, D. Cappelli, and L. Kesavalu. 1991.
Significance of systemic antibody responses in the diagnostic
and mechanistic aspects of progressing periodontitis, p. 343-
357. In S. Hamada, S. C. Holt, and J. R. McGhee (ed.),
Periodontal disease: pathogens and host immune responses.
Quintessence Publishing Co., Ltd., Tokyo.

10. Ebersole, J. L., S. L. Schneider, M. Szekeresova, R. R. Crawley,
and S. C. Holt. 1989. Murine model for virulence characteristics
of peridontopathogens. J. Dent. Res. 68:286.

11. Ebersole, J. L., M. A. Taubman, D. J. Smith, and D. E. Frey.
1986. Human immune responses to oral microorganisms: pat-
terns of systemic antibody levels to Bacteroides species. Infect.
Immun. 51:507-513.

12. Errasafa, M., and F. Russo-Marie. 1989. A purified lipocortin
shares the anti-inflammatory effect of glucocorticosteroides in
vivo in mice. Br. J. Pharmacol. 97:1051-1058.

13. Fisher, J. G., J. J. Zambon, and R. J. Genco. 1987. Identification
of serogroup-specific antigens among Bacteroides gingivalis
components. J. Dent. Res. 66:222.

14. Fujiwara, T., T. Ogawa, S. Sobue, and S. Hamada. 1990.
Chemical, immunobiological and antigenic characterizations of
lipopolysaccharides from Bacteroides gingivalis strains. J. Gen.
Microbiol. 136:319-326.

15. Galanos, C., M. A. Freudenberg, and W. Feutter. 1979. Galac-
tosamine-induced sensitization to the lethal effects of endo-
toxin. Proc. Natl. Acad. Sci. USA 76:5939-5943.

16. Grenier, D., and D. Mayrand. 1987. Functional characterization
of extracellular vesicles produced by Bacteroides gingivalis.
Infect. Immun. 55:111-117.

17. Grenier, D., and D. Mayrand. 1987. Selected characteristics of
pathogenic and nonpathogenic strains of Bacteroides gingivalis.
J. Clin. Microbiol. 25:738-740.

18. Holt, S. C., and T. E. Bramanti. 1991. Factors in virulence
expression and their role in periodontal disease pathogenesis.
Crit. Rev. Oral. Biol. Med. 2:177-281.

19. Holt, S. C., and J. L. Ebersole. 1991. The surface of selected
periodontopathic bacteria: possible role in virulence, p. 79-98.
In S. Hamada, S. C. Holt, and J. R. McGhee (ed.), Periodontal
disease: pathogens and host immune responses. Quintessence
Publishing Co., Ltd., Tokyo.

20. Holt, S. C., J. L. Ebersole, J. Felton, M. Brunsvold, and K. S.
Kornman. 1988. Implantation of Bacteroides gingivalis in non-
human primates initiates progression of periodontitis. Science
239:55-57.

21. Isogai, H., E. Isogai, N. Fujii, K. Oguma, W. Kagota, and K.
Takano. 1988. Histological changes and some in vitro biological

VOL. 60, 1992



1464 KESAVALU ET AL.

activities induced by lipopolysaccharide from Bacteroides gin-
givalis. Zentralbl. Bakteriol. Parasitenkd. Infektionskr. Hyg.
Abt. 1 Orig. Reihe A 269:64-77.

22. Kastelein, P., T. J. M. Van Steenbergen, J. M. Bras, and J. De
Graaff. 1981. An experimentally induced phlegmonous abscess
by a strain of Bacteroides gingivalis in guinea pigs and mice.
Antonie van Leewenhoek J. Microbiol. Serol. 47:1-9.

23. Kennell, W., and S. C. Holt. 1990. Comparative studies of the
outer membranes of Bacteroides gingivalis, strains ATCC
33277, W50, W83, 381. Oral Microbiol. Immunol. 5:121-130.

24. Keppler, D., and K. Decker. 1969. Studies on the mechanism of
galactosamine hepatitis: accumulation of galactosamine-1 phos-
phate and its inhibition of UDP-glucose pyrophosphorylase.
Eur. J. Biochem. 10:219-225.

25. Kesavalu, L., S. C. Holt, and J. L. Ebersole. 1992. Proteases of
Porphyromonas gingivalis: comparison of in vitro and in vivo
functions. J. Dent. Res. 71:931.

26. Kornman, K. S., S. C. Holt, and P. B. Robertson. 1981. The
microbiology of ligature-induced periodontitis in the cynomol-
gus monkey. J. Periodontal Res. 16:363-371.

27. Mansheim, B. J., M. L. Stenstrom, S. B. Low, and W. B. Clark.
1980. Measurement of serum and salivary antibodies to the oral
pathogen Bacteroides asaccharolyticus in human subjects.
Arch. Oral. Biol. 25:553-557.

28. Mayrand, D., and D. Grenier. 1989. Biological activities of outer
membrane vesicles. Can. J. Microbiol. 35:607-613.

29. Mayrand, D., and S. C. Holt. 1988. Biology of asaccharolytic
black-pigmented Bacteroides species. Microbiol. Rev. 52:134-
152.

30. McArthur, W. P., I. Manusson, R. G. Marks, and W. B. Clark.
1989. Modulation of colonization by black-pigmented Bacteroi-
des species in squirrel monkeys by immunization with Bacteroi-
desgingivalis. Infect. Immun. 57:2313-2317.

31. McKee, A. S., A. S. McDermoid, A. Baskerville, A. B. Dowsett,
D. C. Ellwood, and P. D. Marsh. 1986. Effect of hemin on the
physiology and virulence of Bacteroides gingivalis W50. Infect.
Immun. 52:349-355.

32. Mouton, C., P. G. Hammond, J. Slots, and R. J. Genco. 1981.
Serum antibodies to oral Bacteroides asaccharolyticus (Bac-
teroides gingivalis): relationship to age and periodontal disease.
Infect. Immun. 31:182-192.

33. Neiders, M. E., P. B. Chen, H. Suido, H. S. Reynolds, J. J.
Zambon, and R. J. Genco. 1989. Heterogeneity of virulence
among strains of Bacteroides gingivalis. J. Periodontal Res.
24:192-198.

34. Nisengard, R., D. Blann, L. Zelonis, K. McHenry, H. Reynolds,
and J. J. Zambon. 1989. Effects of immunization with B.
macaccae on induced periodontitis-preliminary findings. Im-
munol. Invest. 18:225-238.

35. Remick, D. G., R. M. Strieter, M. K. Eskandari, D. T. Nguyen,
M. A. Genord, C. L. Raiford, and S. L. Kunkel. 1990. Role of
tumor necrosis factor-a in lipopolysaccharide-induced patho-
logic alterations. Am. J. Pathol. 136:49-60.

36. Roeterink, C. H., T. J. M. Van Steenbergen, W. F. B. De Jong,

and J. De Graaff. 1984. Histopathological effects in the palate of
the rat induced by injection with different black-pigmented
Bacteroides strains. J. Periodontal Res. 19:292-302.

37. Saito, H., T. Watanabe, and Y. Horikawa. 1986. Effects of
Lactobacillus casei and Pseudomonas aeruginosa infection in
normal and dexamethasone-treated mice. Microbiol. Immunol.
30:249-259.

38. Schenck, K., K. Helgeland, and T. Tollefsen. 1987. Antibodies
against lipopolysaccharide from Bacteroides gingivalis before
and after periodontal treatment. Scand. J. Dent. Res. 95:112-
118.

39. Schifferle, R. E., M. S. Reddy, J. J. Zambon, R. J. Genco, and
M. J. Levine. 1989. Characterization of a polysaccharide antigen
from Bacteroides gingivalis. J. Immunol. 143:3035-3042.

40. Slots, J., and M. A. Listgarten. 1988. Bacteroides gingivalis,
Bacteroides intermedius and Actinobacillus actinomycetem-
comitans in human periodontal diseases. J. Clin. Periodontol.
15:85-93.

41. Sundqvist, G., D. Figdor, L. Hanstrom, S. Sorlin, and G.
Sandstrom. 1991. Phagocytosis and virulence of different strains
of Porphyromonas gingivalis. Scand. J. Dent. Res. 99:117-129.

42. Syed, S. A., and W. J. Loesche. 1972. Survival of human dental
plaque flora in various transport media. Appl. Microbiol. 24:
638-644.

43. Takada, H., H. Hirai, T. Fujiwara, T. Koga, T. Ogawa, and S.
Hamada. 1990. Bacteroides lipopolysaccharides (LPS) induce
anaphylactoid and lethal reactions in LPS-responsive and -non-
responsive mice primed with muramyl dipeptide. J. Infect. Dis.
162:428-434.

44. Taubman, M. A., H. Yoshie, J. L. Ebersole, D. J. Smith, and
C. L. Olson. 1984. Host response in experimental periodontal
disease. J. Dental. Res. 63:455-460.

45. Tieg, G., M. Wolter, and A. Wendel. 1989. Tumor necrosis
factor is a terminal mediator in galactosamine/endotoxin-in-
duced hepatitis in mice. Biochem. Pharmacol. 38:627-631.

46. Van Dyke, T. E., M. J. Levine, and R. J. Genco. 1985. Neutro-
phil function and oral disease. J. Oral Pathol. 14:95-120.

47. Van Steenbergen, T. J. M., F. G. A. Delamarre, F. Namavar,
and J. De Graaff. 1987. Differences in virulance within the
species Bacteroides gingivalis. Antonie van Leeuwenhoek J.
Microbiol. Serol. 53:233-244.

48. Van Steenbergen, T. J. M., P. Kastelein, J. J. A. Touw, and J. De
Graff. 1982. Virulence of black-pigmented Bacteroides strains
from periodontal pockets and other sites in experimentally
induced skin lesions in mice. J. Periodontal Res. 17:41-49.

49. Wyss, C., and B. Guggenheim. 1984. Effects of the association of
conventional rats with Actinomyces viscosus Nyl and Bacteroi-
des gingivalis W83. J. Periodontal Res. 19:574-577.

50. Yoshimura, F., S. Toshikazu, M. Kawanami, H. Kato, and T.
Suzuki. 1987. Detection of specific antibodies against fimbriae
and membrane proteins from the oral anaerobe Bacteroides
gingivalis in patients with periodontal diseases. Microbiol.
Immunol. 31:935-941.

INFECT. IMMUN.


